Introduction
Carbon fiber reinforced polymer [CFRP] is a typical composite material, and has been applied as high-strengthened light structural materials in the field of current mover engineering such as supersonic aerospace. 1, 2) For improvement of high-speed transport systems with small energy consumption, further strengthening of CFRP has been always expected. Although influences of electron beam (EB) irradiation with high energy on the fracture toughness of CFRP sheets have been reported, 3) no one has succeeded in strengthening of CFRP.
On the other hand, the low energy EB irradiation of CPRF sheets often induces hardening, high wear resistance and sterilization. [4] [5] [6] [7] In addition, the irradiation has improved not only the bending fracture strain of carbon fiber, 8) but also the deformation resistivity, strength and fracture strain in static tensile tests. 9) In our recent publication, it has succeeded that the EB-irradiation with low energy also enhances the fracture stress and fracture strain of static bending test for CFRP. 10) On the other hand, the dynamic fracture toughness evaluated by impact test is the most important factor to apply the CFRP for high-speed transports. Therefore, the purpose of the present work is to investigate effects of the electron beam (EB) irradiation with low energy on the Charpy impact value of CFRP. Figure 1 shows a SEM micrograph (a), an optical micrograph before and after Charpy impact test (b) and a schematic drawing of cross section (c) of CFRP. CFRP sample (70 mm Â 1 mm Â 2:4 mm) has been constructed with 15 k type carbon cross of carbon fibers in epoxy resin matrix. As shown in Fig. 1 , the CFRP is constructed with the 17-layered bundle close of carbon fiber (T-300-4K, TORAY USA) and polymer (bis-phenol A type epoxy resin: GEBA) matrix of diamino diphenyl methane (DDM), which acts as a hardening reagent. Volume fractions of carbon fiber and polymer matrix are 60 and 40%, respectively. Figure 1 -(c) shows a schematic diagram of carbon fiber reinforced polymer, which consists of fifteen knitted sheets of carbon fibers bundles embedded in a polymer matrix. Since the bundle directions of each layer are different as shown in Fig. 1-(c) , a high multi-axial strength can be expected. The inter-sheet distance is 60 mm. Both, the upper and the lower outside sheets near the surface, consist of cross-knitted bundles (see Fig. 1-(c) 
Experimental Procedure

CFRP sample
Sheet electron beam irradiation with low energy
Sheet electron beam irradiation with low energy has been homogeneously performed using an electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA). [4] [5] [6] [7] [8] [9] [10] The specimen is machined (see Fig. 1 ) from the sheet and is homogeneously irradiated with the electron beam through a titanium thin film window attached to the vacuum chamber, 240 mm in diameter. A tungsten filament in vacuum is used to generate the electron beam with a low energy (acceleration potential, V: kV), of 170 kV and irradiating current density (I, A/m 2 ) of 0.089 A/m 2 . Although the electron beam generation occurs in vacuum, the irradiated samples are kept under protective nitrogen at atmospheric pressure. The distance between sample and window is 35 mm. To prevent oxidation, the samples are kept in a protective one atmosphere of nitrogen gas with a residual concentration of oxygen below 400 ppm. The flow rate of nitrogen gas is 1.5 L/s at 0.1 MPa of nitrogen gas pressure. Each irradiation dose (0.0432 MGy) is applied in short pulses (0.23 s) to avoid excessive heating of the sample; the temperature of the sample surface remains below 323 K just after irradiation. The sample in the aluminum plate holder (0:15 m Â 0:15 m) is transported on a conveyor at a speed of 9.56 m/min. The sheet electron beam irradiation is applied intermittently. Repeated irradiations to both side surfaces of samples are used to increase the total dose of irradiation. The interval between the end of one period of irradiation and the start of the next operation is 30 s. When the irradiation current (I, mA), the conveyor speed (S, m/min) and number of irradiations (N) are determined, the irradiated dose is expressed by a following equation. The surface electrical potential (128 keV) is estimated from the electrical potential (170 keV) by considering the 10 mm thickness of the titanium (density: 4540 kg/m 3 ) window and the 30 mm traveling distance between sample and window through the nitrogen gas atmosphere (density: 1.13 kg/m 3 ). Since the measured density of the CFRP sample is 1630 kg/m 3 (1.63 g/mL), the EB-irradiation depth is estimated from Eq. (2) as 135 mm. Figure 2 shows the density dependent effective depth of electron beam irradiation for carbon fiber (1760 kg m À3 ), polymer (1200 kg m À3 ) and CFRP, in which the volume ratio of carbon fiber (60 vol%) and polymer (40 vol%) is 1.5. By using relation (2) and these densities, the effective depth of the sheet electron beam irradiation is 0.27 mm. The irradiated depth from the surface is about 10% for samples with 2.5 mm thickness.
Impact test
In order to evaluate the dynamic fracture toughness, the Charpy impact values of the CFRP with and without irradiation are measured using a standard impact fracture energy measurement system (JIS K 7077-1991) and Charpy impact tester (FC-3002, Fuji-Shikenn seisakusyo, Japan). The Charpy impact value is expressed by a following equation.
Here, E, W, R, , and 0 are impact fracture energy (kJ), hammer mass (N), length (m) of hammer weight point from rolling center, start angle before impact, the maximum angle after impact and the maximum angle of the blank test, respectively. The Charpy impact value (a uc : kJ m À2 ) is expressed by a following equation.
Here, E, b and t are impact fracture energy (J), sample width (1:00 AE 0:005 mm) and sample thickness (20 mm), respectively. The distance between supporting points is 11.45 mm.
Experimental Results
Impact value
The integrated fracture probability (P f ) is a convenient way to analyze the impact value (a uc : kJ m À2 ) quantitatively. It is expressed by the following equation that uses a generalized form of the Median Rank method. 12, 13) P f ¼ ðI À 0:3Þ=ðn þ 0:4Þ ð 5Þ
Here, n and I are the total number of samples and the order of fracture of each sample, respectively. Figure 3 shows Charpy impact values at each irradiation dose of sheet electron beam with low energy. The irradiation from zero to 0.2 MGy apparently enhances the impact value. The maximum value is obtained at 0.3 MGy. Figure 4 shows changes in Charpy impact values of CFRP samples with and without the 0.3 MGy-irradiation at each fracture probability (P f ). The low energy sheet electron beam irradiation apparently enhances the impact value at each fracture probability. The 0.3 MGyirradiation enhances the impact value from 58 to 144 kJ/m 2 at 0.5 of fracture probability. The impact value of the CFRP irradiated at 0.3 MGy is 2.4 times higher than that of untreated sample. Figure 5 shows photograph and schematic diagram of fractured CFRP samples with and without irradiation at each fracture probability (P f ) of 0.1, 0.5 and 0.9. The fractured CFRP samples from 0.2 to 0.8 of P f are vertically cut with parallel transverse separation of fibers from polymer matrix near the vertical transverse fracture surface.
Fracture observation
The total fracture area of parallel transverse separation at the opposite side of impacted surface is broader than that at the impacted surface. When the irradiated and untreated samples at P f ¼ 0:1 cannot be perfectly separated, the fracture occurs at the non-impacted surface. The bending deformation without fracture occurs only at the impact side of the CFRP sample at P f ¼ 0:1.
On the other hand, when the CFRP sample at P f ¼ 0:9 is cut vertically, one of pieces is always broken parallel to the long side of the specimen. Namely, the CFRP sample at P f ¼ 0:9 is simultaneously divided into three pieces. The irradiated CFRP samples at P f ¼ 0:9 are also broken into three pieces with vertical and parallel cracks. As shown in Figs. 6 and 7, the sheet electron beam irradiation with low energy enhances not only the total fracture surface area of parallel transverse separation, but also the separation angle in impacted CFRP samples.
Discussion
Reliability enhancement of CFRP by EB-irradiation
Based on Weibull analysis, the reliability has been evaluated for the CFRP samples with and without the sheet electron beam irradiation with low energy. As results in Figs. 4 and 5, the typical and simple fractured CFRP samples from 0.2 to 0.8 of P f are vertically cut with parallel transverse separation of fibers from matrix near the vertical transverse fracture surface. To discuss influences of electron beam irradiation on the typical fracture, the Weibull equation 14) has been applied for Charpy impact values at each fracture probability from 0.2 to 0.8. 13) Charpy impact value (a uc ) is expressed by the following equation.
where m is a constant. When the P f values are equal to zero and 0.967, the a 0 and a s values are defined as the expected and minimum impacted values. Figure 8 shows changes in correlation coefficient (F) against the tentative a s value of CFRP with and without the sheet electron beam irradiation under low energy. The minimum impact value (a s ) can be derived from the maximum F value. 13, 14) Based on the a s values at the maximum F value, a linear relationship of the impact factor for CFRP samples with the electron beam irradiation dose is found, as shown in Fig. 9 . The sheet electron beam (EB) irradiation from zero to 0.3 MGy enhances the minimum impact value (a s ) from 35.8 to 128.5 kJ m À2 . The a s value of the irradiated CFRP is about three times higher than that of the untreated sample. Figures 9 and 10 show the Weibull plots of CFRP samples with and without the sheet EB irradiation (0.3 MGy) with low energy against (a uc À a s ) and a uc . In addition, the m value, estimated from the slope of Weibull plots, is one of useful factors to evaluate the distribution of the experimental errors on the fracture test. Although the irradiation doesn't largely affect the slope in Fig. 9 , the sheet electron beam irradiation with low energy enhances the slope in Fig. 10 . The slope in Fig. 10 is generally called the Weibull modulus (m), which is known as one of the indicators of experimental errors on fracture. 13, 14) The m value of the 0.3 MGy-irradiated CFRP sample is about three times higher than that of the untreated sample in Fig. 10 . When P f value varies from 0.2 to 0.8, the irradiation (0.3 MGy) enhances the Weibull modulus from 2.17 to 6.18 and hence decreases the experimental errors of CFRP. Thus, the sheet electron beam irradiation with low energy enhances the reliability, which is indicated by the Weibull coefficient and the estimated minimum impact value.
EB-irradiation induced impact value of CFRP
Since the sheet electron beam irradiation with low energy annihilates dangling bonds in the hexagonal atomic structure of graphite, 8, 9) it probably prevents the generation of cracks and often enhances the elasticity, resulting in ductility enhancement and strengthening of the carbon fiber. 8, 9) In addition, the sheet electron beam irradiation with low energy mainly enhances the ductility and strengthening of the polymer matrix. 10) As shown in Figs. 3 and 4 , the sheet electron beam irradiation with low energy enhances the impact value, which probably depends on not only the strengthening of carbon fiber 8, 9) and polymer, 10) but also the enhancement of interfacial force related to friction and bonding at interface.
As shown in Figs. 6 and 7, the sheet electron beam irradiation with low energy enhances the total fracture surface area of parallel transverse separation in impacted CFRP samples. The large interfacial forces also contribute to the large impact fracture energy to generate the fracture surface area in the irradiated CFRP. Therefore, the impact value enhancement by sheet electron beam irradiation with low energy probably depends on the enhancement of interfacial forces as well as the strengthening of carbon fiber and polymer.
Since the irradiation enhances the fracture energy on impact test (see Figs. 3 and 4) , it enhances not only the total fracture surface area of parallel transverse separation, but also enlarges the separation angle in impacted CFRP samples. Figures 6 and 7 show that the sample at P f ¼ 0:1 cannot be perfectly separated. Although the fracture occurs at the nonimpacted surface at such a low impact value, the bending deformation in contrary occurs only at the impact side of the CFRP sample at P f ¼ 0:1. If thin sheets could be successfully prepared as a composite CFRP sample, it would be difficult for the composite CFRP sample to generate the crack at the non-impacted surface. Namely, although the joining method still has serious problems, the composite materials constructed with thin CFRP sheets probably will lead to an extremely high impact value at P f ¼ 0:1, reaching the final goal, a high reliable CFRP.
Conclusion
In summary, effects of sheet electron beam (EB) irradiation with low energy on Charpy impact value have been investigated for carbon fiber reinforced polymer (CFRP). As a result, the irradiation enhances the impact value of CFRP. Furthermore, the irradiation enhances the reliability, which is indicated by the Weibull coefficient and the estimated minimum impact value. The impact value enhancement of the CFRP irradiated by the sheet electron beam with low energy probably occurs due to the enhancement of interfacial forces, as well as the strengthening of carbon fiber and polymer. 
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